Abstract-The current study reports the single and combined toxicities of Pb, Zn, and Cu to Acidithiobacillus caldus strain BC13. The observed half-maximal inhibitory concentrations (IC50), AE 95% confidence intervals, for Pb, Zn, and Cu were 0.9 AE 0.1 mM, 39 AE 0.5 mM, and 120 AE 8 mM, respectively. The observed minimum inhibitory concentrations (MIC) for Pb, Zn, and Cu were 7.5 mM, 75 mM, and 250 mM, respectively. When metals were presented in binary mixtures, the toxicities were less than additive. For example, when 50% of the Pb MIC and 50% of the Cu MIC were presented together, the specific growth rate was inhibited by only 59 AE 3%, rather than 100%. In addition, the presence of ferrous iron in the growth media decreased Pb and Zn toxicity to A. caldus strain BC13. The importance of inoculum history was evaluated by pre-adapting cultures through subsequent transfers in the presence of Pb, Zn, and Cu at their respective IC50s. After pre-adaptation, cultures had specific growth rates 39 AE 11, 32 AE 7, and 28 AE 12% higher in the presence of Pb, Zn, and Cu IC50s, respectively, compared with cultures that had not been pre-adapted. In addition, when cells exposed to the MICs of Pb, Zn, and Cu were harvested, washed, and re-inoculated into fresh, metal-free medium, they grew, showing that the cells remained viable with little residual toxicity. Finally, metal chlorides showed more toxicity than metal sulfates, and studies using sodium chloride or a mixture of metal sulfates and sodium chloride suggested that this was attributable to an additive combination of the metal and chloride toxicities. Environ. Toxicol. Chem. 2010;29:266929: -267529: . # 2010 
Acidithiobacillus caldus is a gram-negative bacterium that oxidizes sulfur and reduced sulfur compounds for energy, and that can fix carbon dioxide as a sole carbon source [1, 2] . Acidithiobacillus caldus grows from pH 1 to 4, with optimal growth between pH 2 and 3, and from 32 to 508C, with optimal growth at 458C [1] . These traits make A. caldus well suited for growth in many biomining systems [3] [4] [5] [6] , where recent studies suggest that it may play a significant role in metal mobilization. McGuire et al. [7] reported that microbial communities containing A. caldus were observed to leach more Fe from pyrite, arsenopyrite, and marcasite than communities without A. caldus [7] . Dopson and Lindstrom [8] reported that twice as much Fe was leached from arsenopyrite when an Fe oxidizer, Sulfobacillus thermosulfidooxidans, was cocultured with A. caldus, as compared with when S. thermosulfidooxidans was cultured alone [8] . In addition, A. caldus was observed to enhance Cu recovery by oxidizing S formed during the biomining of chalcopyrite [9] . These studies suggest an important role for A. caldus in commercial biomining; however, few direct studies of metal interactions and toxicities to A. caldus have been published.
The toxicity of metals to microorganisms has been well documented, and several general reviews have been written covering this subject [10] [11] [12] [13] [14] [15] . Specific to the work presented here, multiple studies have reported that the related microorganisms, Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans, have relatively high tolerance to Zn and Cu when presented individually [16] [17] [18] [19] [20] [21] or combined [18, 22] . However, toxicity studies with A. caldus have been limited to the metalloid As [23] [24] [25] . Recent work by Watkin et al. [26] compared Fe, Cu, Zn, Ni, and Co tolerances of several new isolates with those of several known strains, including A. caldus strain KU, but in-depth inhibition studies were not done [26] .
The purpose of the current study was to test the single and combined toxicities of various metals to A. caldus strain BC13, including the effects of metal mixtures, inoculum history, metal concentration and speciation, and the use of different metal anionic forms to determine which conditions should be considered in future work with A. caldus strain BC13 and possibly other microorganisms. Specifically, the current study is a comprehensive report on the effects of Pb, Zn, and Cu on the growth of A. caldus strain BC13, including effects of single versus combined metal toxicity, effects of high ferrous iron concentrations on Pb, Zn, and Cu toxicity, effects of prior exposure to Pb, Zn, and Cu, and a comparison of metal sulfate and metal chloride toxicity. Zinc and Cu were chosen because of their commercial relevance and ubiquity in biomining and acid-mine environments. Lead was chosen as a control test because A. caldus has not been identified in environments containing high levels of galena. By identifying the effects of various environmental conditions on the efficacy of these metals toward A. caldus strain BC13, this report significantly increases the current understanding of this microorganism and how the conditions of biomining and acid-mine drainage environments may affect its metal tolerance.
MATERIALS AND METHODS

Microorganism and growth conditions
Acidithiobacillus caldus strain BC13 (ATCC 51757), henceforth referred to as BC13, was grown in a basal salts medium [1] . The medium was autoclaved for 15 minutes at 1218C and 22 psi, and the pH was then adjusted to 2.5, using 6 normal sulfuric acid. A filtered (0.2 mm) metal sulfate solution of Pb, Zn, or Cu was added from a stock solution. The concentrations of metal in the stock solutions were adjusted to ensure that an equal volume could be added to each flask. A filter-sterilized (0.2 mm) solution of potassium tetrathionate was then added to a concentration of 5 mM, as an electron donor, and ambient carbon dioxide provided the sole carbon source. Cells preserved at 48C in nanopure water (17.4 MV) , with the pH adjusted to 3.0 using 6 normal sulfuric acid, provided the initial inoculum. Aliquots that provided initial cell densities of approximately 5 Â 10 7 cells/ml were used. Cells were cultured in 125-ml Erlenmeyer flasks (75 ml medium volume), fitted with foam stoppers, and shaken at 150 rpm in a temperature-controlled incubator at 458C.
Experimental design and statistics
Initial growth inhibition studies were carried out at relatively large concentration intervals to roughly estimate the minimum inhibitory concentrations (MICs) of Pb, Zn, and Cu. After this was done, more detailed experiments were carried out to quantify the inhibitory effects of each metal in the relevant concentration range. In experiments that determined the effects of ferrous iron on metal toxicity, ferrous iron was added to concentrations up to environmentally relevant conditions. Each experiment was repeated in triplicate under identical conditions, so that average values and 95% confidence intervals could be calculated for specific growth rates at each metal concentration and condition tested. To determine the half-maximal inhibitory concentrations (IC50s) and corresponding 95% confidence intervals, linear regressions were calculated using the LINEST function in Microsoft Excel
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. Using this method, data points from each set of a triplicate across a range of concentrations contributed to determining the reported IC50s. No statistical confidence was assigned to the no-observable-effect concentration, lowest-observable-effect concentration, and MIC, because these values were determined graphically from average values.
Determining metal toxicity
Cell concentrations were measured by using direct cell counts at 12-h intervals with a Petroff-Hauser counting chamber (Hausser Scientific) and a phase-contrast microscope (Zeiss). To perform cell counts, an aliquot of growth medium was added to the counting chamber to volume (5 Â 10 À5 mm 3 /grid). Cells were then counted across grids from the middle and all sides of the counting grid to account for any possible spatial variations. In more cell-dense samples, each cell in individual 0.05 Â 0.05 mm grids was counted until a minimum of 400 cells were counted. In less cell-dense samples, each cell in a minimum of 20 small (0.05 Â 0.05 mm) grids was counted. The observed specific growth rates were calculated from the resultant growth curves and used to quantify inhibition.
To determine combined metal toxicity, binary mixtures of Pb and Zn, Pb and Cu, and Zn and Cu were prepared. Concentrations were proportional to their respective MICs and, assuming additive toxicities, mixed to produce a total metal concentration proportional to an effective MIC. For example, to produce a mixture containing Pb and Zn equivalent to 50% of an effective MIC, the final growth medium would contain:
. Linear regressions were used to calculate expected toxicities between tested data points using the LINEST function in Microsoft Excel. From these regressions, estimated contributions toward the total effective toxicity from each metal were calculated.
Similar experiments were conducted to determine whether ferrous iron affected the toxicity of Pb, Zn, or Cu to BC13. Each metal was added to a concentration equal to its previously calculated IC50, and ferrous iron sulfate was added to concentrations of 0, 25, 50, 75, or 100 mM. The concentration of ferrous iron in each stock was adjusted so that an equal volume was added to each flask. Lead-, Zn-, and Cu-free controls were performed to determine whether ferrous iron alone affected BC13 in the absence of Pb, Zn, or Cu.
Determining effects of previous metal exposure Cells were prepared as described earlier and inoculated into growth medium containing Pb, Zn, or Cu concentrations equal to the previously calculated IC50. During the late-log growth phase, cells were harvested and washed as previously described, then inoculated into fresh medium containing the same metal concentration. This process was repeated three times to allow cells to adapt to Pb, Zn, or Cu. During the fourth growth cycle, cell concentrations were measured using direct counts as described previously, and the specific growth rates were calculated.
Determining metal chloride toxicity Cells were prepared as described previously, but metal chlorides were used instead of metal sulfates. Chloride salts of Pb, Zn, or Cu were introduced at initial concentrations equal to the previously calculated IC50s of the respective metal sulfate counterparts. To determine whether chloride ions contributed directly to cell inhibition, sodium chloride was added to metal-free growth media at concentrations of 0, 50, 100, and 200 mM. In control experiments, lead, zinc, or copper sulfates were added to concentrations proportional to their previously calculated IC50s, and sodium chloride also was added to concentrations of 0, 50, 100, or 200 mM. In these experiments, cell concentrations were measured as described previously, and specific growth rates were calculated for comparison.
Modeling metal complexation and precipitation
Visual MINTEQ (version 2.53) software was used to predict complexation and precipitation of media components using activities from the Debye-Huckel equation and the default MINTEQA2 thermodynamic database. The temperature was set to 458C, and the proton concentration was calculated from the pH, which was set at 2.50. The saturation index (defined as the log of the ion activity divided by the solubility product) was used to predict metal precipitation. Compounds with a positive saturation index were set to infinite saturation, to allow for their precipitation. Each experimental medium condition tested was modeled in this manner. The statistical software MINITAB was then used to construct matrix plots and perform primary component analyses to determine relations between metal complexation and the observed specific growth rates at various metal concentrations. Figure 1a shows the effect of Pb concentrations on the specific growth rate of BC13. Similarly, the effects of Zn (Fig. 1b) and Cu (Fig. 1c) also are shown. Lead was the most toxic of the three metals tested, with an IC50 of 0.94 AE 0.13 mM, and an MIC of 7.5 mM. An IC50 and an MIC of 39 AE 0.5 and 75 mM, respectively, were observed for Zn, whereas Cu was the least toxic metal tested, with an IC50 and MIC of 120 AE 8.2 and 250 mM, respectively (Table 1) .
RESULTS
Single metal toxicity
Combined metal toxicity
To determine the combined toxicity of Pb, Zn, and Cu, metals were presented in binary mixtures in ratios proportional to their individual IC50s. Binary metal mixtures containing ratios of 12.5, 25, 37.5, and 50% of each metal's respective MIC was used. Assuming additive toxicity when mixed, the effective overall metal concentrations were then 25, 50, 75, and 100% of an effective MIC. However, Figure 2 shows that the toxicities were less than additive. For example, when 25% of the Pb MIC was mixed with 25% of the Zn MIC, the observed specific growth rate was 0.016 AE 0.001/h, compared with a predicted specific growth rate of 0.012/h, calculated assuming additive toxicities (Fig. 2a) . Similar results were seen when Pb and Cu, and Zn and Cu, were mixed at varying concentrations (Fig. 2b, c) .
Effect of ferrous iron on metal toxicity
Ferrous iron gave significant protection to BC13 from Pb and Zn toxicity. Figure 3 shows that cultures exposed to a concentration of Pb equal to the IC50 exhibited specific growth rates of 0.014 AE 0.001, 0.032 AE 0.001, and 0.030 AE 0.001/h when ferrous iron was added to concentrations of 0, 50, and 100 mM, respectively. Similarly, the observed specific growth rates of cultures in the presence of the Zn IC50 were 0.016 AE 0.001, 0.023 AE 0.001, and 0.028 AE 0.001/h when ferrous iron was added to 0, 50, and 100 mM, respectively. However, when this experiment was performed using Cu, the effect was significantly decreased, as observed specific growth rates were 0.017 AE 0.001, 0.014 AE 0.000, and 0.019 AE 0.001/h when ferrous iron was added to concentrations of 0, 50, and 100 mM, Lead (Fig. 3) . In separate control experiments, ferrous iron was added to concentrations of 0, 50, and 100 mM with no Pb, Zn, or Cu added. At these concentrations, the observed specific growth rates were 0.030 AE 0.001, 0.030 AE 0.001, and 0.028 AE 0.001/h, suggesting that ferrous iron did not significantly affect the growth of BC13 by itself (Fig. 3) . Visual MINTEQ predicted that more than 96% of the Fe remained as aqueous ferrous iron at the concentrations used in the current study.
Effect of prior metal exposure on metal toxicity Figure 4 shows that the specific growth rate increased 39 AE 11, 32 AE 7, and 28 AE 12% when cultures were pre-adapted, through subsequent transfers, to Pb, Zn, or Cu, respectively. In addition to increased specific growth rates, the lag phase of cultures pre-adapted to Pb, Zn, or Cu decreased by 12, 24, and 48 h, respectively (data not shown). Figure 5 shows that cells collected from media containing the MIC of Pb, Zn, or Cu were able to resuscitate and grow in fresh, metal-free medium. After being exposed for 120 h to the MIC of Pb, then re-inoculated into fresh, metal-free medium, cultures grew with no residual inhibition and attained a final cell concentration of 107 AE 7% of the final cell concentration observed for cultures that had not been exposed to Pb. However, when cells were collected from medium containing the MIC of Zn or Cu after 120 h of exposure, and re-inoculated into fresh, metal-free medium, the cultures grew to final cell concentrations of only 83 AE 1 and 83 AE 23% of the final cell concentration observed in cultures with no prior exposure to Zn or Cu, respectively. The observed specific growth rates of cells exposed to MICs of Pb, Zn, and Cu for 120 h were 0.032 AE 0.003, 0.028 AE 0.002, and 0.030 AE 0.003/h, respectively, after being re-inoculated into fresh, metal-free medium. Cells that had not been pretreated by the MICs of Pb, Zn, or Cu exhibited an observed specific growth rate of 0.029 AE 0.003/h, suggesting that there were no significant residual affects on the observed specific growth rates (data not shown).
Comparison of metal chloride to metal sulfate toxicity Figure 6a shows that when lead, zinc, and copper chlorides were added at concentrations equal to the IC50s of their respective sulfates, the observed specific growth rates were lower than those observed for the metal sulfates. For Pb, this difference was relatively minor, 0.012 AE 0.001/h versus 0.014 AE 0.000/h, respectively. However, in the case of Zn and Cu, the differences were more pronounced. The specific growth rate observed when zinc chloride was used was 0.012 AE 0.001/h, compared with 0.016 AE 0.000/h when zinc sulfate was added. Similarly, the specific growth rate observed when copper chloride was added was 0.012 AE 0.000/h, compared with 0.017 AE 0.001/h when copper sulfate was used.
The specific growth rate of BC13 also decreased when only sodium chloride was added to metal-free medium. When sodium chloride was added to concentrations of 0, 50, 100, and 200 mM, the specific growth rates were 0.029 AE 0.002, 0.027 AE 0.001, 0.023 AE 0.001, and 0.021 AE 0.001/h, respectively. In other experiments, lead, zinc, and copper sulfate were added to concentrations equal to their respective IC50s, and the sodium chloride concentration was varied. The inhibition observed in these tests suggested that the metal and chloride toxicity effects are additive (Fig. 6b) . Fig. 3 . The effect of ferrous iron added to concentrations of 0, 25, 50, 75, or 100 mM on lead, zinc, and copper toxicity to Acidithiobacillus caldus strain BC13 when added at concentrations equal to the previously calculated halfmaximal inhibition concentrations (0.94 mM, 39 mM, and 120 mM for lead, zinc, and copper, respectively). Error bars represent 95% confidence intervals. Fig. 4 . Effect of prior exposure to lead, zinc, and copper on the specific growth rate of Acidithiobacillus caldus strain BC13. Cells were adapted through subsequent culturing and transfers in the presence of the halfmaximal inhibitory concentrations of lead, zinc, or copper (0.94 mM, 39 mM, and 120 mM, respectively). Error bars represent 95% confidence intervals. 
Metal complexation and precipitation
Visual MINTEQ predicted the complexation and potential precipitation of Pb, Zn, and Cu over the range of concentrations and combinations used in these experiments. The primary dissolved constituents of Pb, Zn, and Cu were aqueous divalent metal cations and metal sulfates, regardless of whether the metals were added as metal sulfates or metal chlorides. Lead was predicted to remain soluble up to a concentration of 20 mM. Concentrations used in these experiments were beyond this value, and visual precipitation of lead was observed. No precipitation was predicted or observed for Zn or Cu.
Visual MINTEQ modeling results were entered into the multivariant statistical software MINITAB and compared against changes in the corresponding observed specific growth rates. Matrix plots and primary component analyses suggested that for all the metals, only changes in the total metal concentrations correlated strongly with changes in observed specific growth rates, and although speciation occurred, it did not significantly affect specific growth rates (data not shown).
DISCUSSION
Single toxicity of lead, zinc, and copper
The BC13 grew in millimolar concentrations of Pb, Zn, and Cu, with Pb being the most toxic metal tested, having an MIC of 7.5 mM. Interestingly, A. caldus has not been isolated from environments containing high concentrations of galena [27] , and results reported here suggest that these environments may contain Pb concentrations too high for significant A. caldus activity (Fig. 1a) . The BC13 exhibited relatively high tolerances for Zn and Cu, with MICs of 75 and 250 mM (Fig. 1b and c) . This is not surprising, because many of the environments in which A. caldus has been identified have high concentrations of Zn and Cu [4, [27] [28] [29] .
Previous work with A. caldus strain KU reported MIC values of 65 g/L (993.9 mM) for Zn and only 1.5 g/L (23.6 mM) for Cu [26] , suggesting a Zn tolerance significantly higher than that observed here, and a Cu tolerance significantly lower. This previous work did not report methods for quantifying growth, or describe the growth medium used [26] , making a direct comparison difficult. These differences may be attributable to strainto-strain variance in metal tolerance, medium composition, or possibly inoculum history. Regardless, BC13 and strain KU appear to be quite tolerant to Zn and Cu.
Comparisons with other acidithiobacilli
High resistance to Zn and Cu is not unprecedented among the acidithiobacilli. Aside from previous work with A. caldus strain KU [26] , Acidithiobacillus ferrooxidans has been observed to grow on ground S in a medium containing 100 mM Cu [30] . Furthermore, strain KU can facilitate sphalerite leaching in the presence of 25 mM Zn and chalcopyrite leaching in the presence of 10 to 25 g/L Cu (158-397 mM) [18, 30] . Barreira et al. [16] and Chen et al. [17] made similar observations while working with A. thiooxidans.
With observed MIC values of 75 mM and 250 mM for Zn and Cu, respectively, the current study suggests that BC13 has a level of tolerance to Zn and Cu similar to that of A. ferrooxidans and A. thiooxidans. However, key differences can be seen between this work and previous work with acidithiobacilli. First, the current study used a soluble substrate (tetrathionate), which prevented the formation of biofilms that may provide some protection from metals [31] , and second, the current study characterized toxicity directly with respect to cell growth, rather than inhibition of leaching kinetics.
Effects of combined metals
Metals presented in binary mixtures exhibited less than additive toxicity toward BC13, suggesting an aspect of competitive inhibition (Fig. 2) . In addition, the significant decrease in Pb and Zn toxicity in the presence of ferrous iron (Fig. 3) is Fig. 6 . (a) Effect of lead, zinc, and copper on the specific growth rate of Acidithiobacillus caldus strain BC13 when added as either metal sulfates, metal chlorides, or metal sulfates with a corresponding concentration of sodium chloride. In each case, metals were added to concentrations equal to previously calculated half-maximal inhibition concentrations (IC50s) for the corresponding metal sulfates, or 0.94 mM, 39 mM, and 120 mM, for lead, zinc, and copper, respectively. (b) Predicted and observed effect of chloride concentrations on the specific growth rate of A. caldus strain BC13 with zinc sulfate added to a concentration equal to either 50% or 100% of the previously calculated IC50 (39 mM). Similar results were observed with lead and copper (data not shown). Error bars represent 95% confidence intervals. also quite interesting, given that many environments from which A. caldus has been isolated also contain high concentrations of Fe relevant to the concentrations used in the present study [4, [27] [28] [29] . This suggests that BC13 may exhibit catabolic activity (leaching) in iron-rich environments with Pb, Zn, and Cu concentrations higher than the respective MIC values reported here. Previous studies also have observed less than additive toxicity in binary-metal systems. For example, Gikas [32] observed that Ni(II) and Co(II) exhibited similar individual toxicities to microbes growing in an activated sludge; however, when presented in combination, their toxicities were significantly reduced [32] .
Effect of inoculum history
One aspect of cell culturing that is often overlooked in toxicity studies is inoculum history. In the current study, preadaption to Pb, Zn, or Cu increased specific growth rates of BC13 significantly when it was subsequently exposed to heavy metals (Fig. 4) . Similar results have been observed by others [33] [34] [35] and may indicate higher tolerances in environments in which species have had prolonged exposure to metals.
Another aspect of inoculum history examined here was the effect of exposure to the MICs of Pb, Zn, and Cu. Cells harvested from medium containing the MIC of Pb showed no residual effects, whereas cells harvested from media containing the MIC of Zn or Cu showed some residual effect but still grew quite well (Fig. 5) , suggesting that Pb, Zn, and Cu may simply slow cell growth, perhaps through increased energy requirements. However, when cells were collected from MIC exposures to Zn or Cu, they did not grow as well (Fig. 5 ). This may be because of residual metal strongly bound to the cells, as previous work has shown that BC13 has larger sorption capacities for Zn and Cu than for Pb [36] . The less than additive toxicities of Pb, Zn, and Cu, and the ability of BC13 to be resuscitated from exposure to heavy-metal MICs, may suggest that cells are viable and metabolically active in environments containing Pb, Zn, or Cu concentrations significantly higher than the MICs observed here.
Metal chloride versus metal sulfate toxicity Figure 6a shows the increased toxicity of metal chlorides over metal sulfates, and Figure 6b suggests that this is attributable to additive toxicity, because additional experiments showed that chloride itself was inhibitory to BC13. This may explain why lead chloride toxicity was not significantly different from lead sulfate, because the corresponding chloride concentration was only 1.9 mM, which was not observed to be toxic when sodium chloride was added in the absence of Pb, Zn, or Cu (data not shown). Conversely, chloride concentrations associated with zinc and copper chlorides (78 and 240 mM) were toxic even in the absence of metals. This observation is supported by past work that reported chloride inhibition toward the acidithiobacilli [37] , and although the chloride concentrations necessary to achieve this effect are not necessarily relevant to natural environments containing A. caldus [28, 29] , these results do emphasize the importance of metal salts chosen for inhibition studies.
CONCLUSIONS
To our knowledge, this is the first comprehensive report on Pb, Zn, and Cu toxicity to A. caldus and the first study reporting the toxicity of Pb to any member of the acidithiobacilli. The order of toxicity observed here was Cu < Zn < Pb, and the relatively high tolerances observed to Zn and Cu were comparable to those observed in other acidithiobacilli [16] [17] [18] 30] . Additional studies using binary-metal mixtures and high ferrous iron concentrations were carried out to better relate the singlemetal toxicity observations to in situ realities. Interestingly, these studies suggested that binary-metal mixtures, and the presence of ferrous iron, significantly decreased the toxicity of Pb and Zn to BC13. In addition, inoculum history was an important factor in metal tolerance, because cells that were allowed to adapt to Pb, Zn, and Cu through subsequent culturing showed significantly increased tolerance to these metals. Combined, these results suggest that BC13 may grow and be metabolically active in environments containing Pb, Zn, or Cu concentrations higher than the MICs observed here when these metals were presented individually.
Finally, a comparison of metal sulfate versus metal chloride toxicity suggested that metal sulfates were much less toxic to BC13, because chloride ions exhibited an inhibitory effect of their own that was approximately additive with those of Pb, Zn, or Cu.
Acidophilic chemolithoautotrophs play important roles in biomining and acid-mine drainage systems because of their tolerance and mobilization of metals [38] [39] [40] . The current study significantly improves the understanding of one such microorganism, A. caldus BC13, and may lead the way for future research of specific toxicity mechanisms and metal-regulated protein expression.
